engulfed as an intact cell corpse. If cells die by necrosis, or when apoptotic cells fail to be cleared and undergo postapoptotic (secondary) necrosis, the intracellular contents are released and thus cause harmful inflammatory responses. Therefore, apoptosis has to be comple- 
. Attraction of Monocytic Cells to Supernatants of Apoptotic Cells
The different tumor cell lines HT29, Cos7, MCF7, and L929 were left untreated or induced to undergo apoptosis by UV irradiation (10 mJ/ cm 2 ). After 13 hr, cell-free supernatants were prepared and migration of THP-1, Mono Mac 6 cells, or primary human macrophages was determined as described in Experimental Procedures.
Results

tion of chemotactic activity in the supernatants of MCF7 casp3 cells was due to caspase activation, since addition of the broad-spectrum caspase inhibitor zVADSupernatants of Different Apoptotic Cell Lines Attract Monocytic THP-1, Mono Mac 6 Cells, fmk to MCF7 casp3 cells completely abolished the migration activity (Figure 2B). In order to exclude that the and Primary Macrophages
To investigate the involvement of chemotaxis in phagoabsence of chemotactic activity of caspase-3 deficient cells was due to a decreased apoptosis induction, we cytic clearance of apoptotic cells we tested supernatants of apoptotic cells for their ability to induce migraanalyzed the cleavage of caspase-3 and -7 and of the caspase substrate poly(ADP-ribose) polymerase (PARP). tion of monocytic cells. Therefore, we induced apoptosis via UV irradiation in different cell lines such as the human In addition, we measured apoptosis via the induction of cell shrinkage, since analysis of DNA fragmentation colorectal adenocarcinoma cell line HT29, human breast carcinoma MCF7 cells, the African green monkey kidney cannot be determined in caspase-3-deficient cells (Jä nicke et al., 1998). As shown in Figure 2C , the caspase cell line COS7, and murine fibroblast L929 cells. After 13 hr, supernatants were collected and tested for their substrate PARP was cleaved to a similar extent in MCF7 vector and MCF7 casp3 cells, though the processing of ability to induce the transmigration of the human monocytic cell lines THP-1, Mono Mac 6, and primary human procaspase-7 was slightly decreased in MCF7 vector cells. Caspase-3 was only moderately cleaved in MCF7 casp3 macrophages. As shown in Figure 1 , supernatants of almost all UV-irradiated apoptotic cell lines were able cells and, as expected, it was completely absent in caspase-3-deficient cells. Addition of zVAD-fmk blocked the to induce monocyte migration. In the case of L929 cells, supernatants of unstimulated control cells also induced processing of all caspases and of PARP. Induction of apoptosis was mediated to a similar extent in MCF7 vector transmigration of THP-1, which was further enhanced upon apoptosis induction. Interestingly, supernatants of and MCF7 casp3 cells ( Figure 2D ). Thus, activation of caspase-3 seemed to be crucial for the release of the cheapoptotic human breast carcinoma MCF7 cells instigated only minimal transmigration activity of the monomotactic factor by apoptotic cells, but not for the induction of apoptosis. cytic cell lines and primary macrophages.
Caspase-3 Is Essential for Chemotaxis Induction
Other Apoptotic Stimuli Can also Induce the Release of Chemotactic Factors by Apoptotic Cells Since MCF7 cells are deficient for the expression of In order to test whether apoptotic stimuli other than UV can also evoke the release of chemotactic factors, we caspase-3, we tested whether the activation of caspase-3 might be required for the production of chemotactic treated MCF7 vector and MCF7 casp3 cells with the potent apoptosis inducer staurosporine and the anticancer factors. As shown in Figure 2A, Figure 4C of Chemotactic Activity LPC is generated upon phospholipase A 2 (PLA 2 ) mediapoptotic membrane blebbing. Thus, it was conceivable that during the course of apoptosis, caspase-3 activates ated hydrolysis of membraneous phosphatidylcholine into LPC and arachidonic acid. Recent reports demon-ROCK-I or PAK2, which in turn induce membrane blebbing and subsequent attraction of phagocytes. Howstrate that the cytosolic, calcium-dependent PLA 2 (cPLA 2 ) and the cytosolic, calcium-independent PLA 2 ever, neither 0.2 m-filtration nor ultracentrifugation could deplete any chemotactic activity of the superna-(iPLA 2 ) are cleaved by caspase-3 during apoptosis (Atsumi et al., 1998, 2000). Interestingly, the release of tants of apoptotic MCF7 casp3 cells ( Figures 4F and 4G ). Accordingly, we could not detect any chemotactic activarachidonic acid during apoptosis is accomplished by the caspase-mediated activation of iPLA 2 , whereas ity in the membranous precipitate after centrifugation ( Figure 4G ). Therefore, we concluded that soluble lipids cPLA 2 is inactivated instead. Therefore, we investigated whether the caspase-3-mediated activation of iPLA 2 rather than membrane blebs were responsible for the chemotactic attraction of THP-1 cells.
was responsible for the release of chemotactic LPC from ., 2000) . Although the overexpression of caspase-3 induced processing of treated with the highest concentrations used in the transmigration assay, inhibition of iPLA 2 slightly deiPLA 2 in HEK293 cells, the authors did not exclude that other caspases might be involved in the processing of creased apoptosis whereas inhibition of cPLA 2 had no effect on UV-mediated apoptosis ( Figure 6B ). Since iniPLA 2 . Therefore, we investigated whether caspase-3 was a prerequisite for the processing of iPLA 2 in vivo hibition of iPLA 2 only partially reduced UV-mediated apoptosis but completely blocked the induction of cheand in vitro. As shown in Figure 6E , iPLA 2 was cleaved only in MCF7 casp3 cells upon treatment with UV, mitomymotactic activity, we concluded that iPLA 2 was involved in the caspase-3-dependent release of the chemoattraccin C, or staurosporine whereas virtually no processing occurred in caspase-3-deficient cells. Surprisingly, and tant LPC in apoptotic cells. In addition, inhibition of iPLA 2 via BEL not only blocked the release of chemotactic in contrast to the reported C-terminal 70 kDa fragment, we observed two fragments of 25 and 26 kDa. Incubation activity from apoptotic MCF7 casp3 cells but also from other apoptotic cell lines such as L929 and Cos7 (data of purified histidine-tagged iPLA 2 with purified caspase-3, -6, -7, and -8 in vitro revealed that only not shown).
Atsumi et al. recently demonstrated that activation of caspase-3 was able to induce the processing of fulllength iPLA 2 into a 26 kDa fragment ( Figure 6F ). AdditioniPLA 2 during apoptosis mediates the release of arachidonic acid (Atsumi et al., 1998). Therefore, in order to ally, we observed two fragments of 52 and 42 kDa upon treatment with caspase-3. Sequence analysis of iPLA 2 investigate whether the second iPLA 2 -mediated cleavage product LPC was also released during the course revealed a further potential caspase cleavage site at DLFD 513 which would produce a 32 kDa fragment. Since of apoptosis, we analyzed the culture supernatants for LPC using electrospray ionization mass spectrometry we observed the 25/26 kDa fragments only in immunoblots using an antiserum against amino acids 557-576 (ESI-MS) analyses. As shown in Figure 6C Figure 5C ). This might be due Cleavage at DLFD 513 would remove all ankyrin repeats and truncate iPLA 2 near its catalytic center at aa 517-520 to incomplete dissolution of purified phospholipids or the fact that the chemotactically active LPC might con-(see Figure 7A ). Since the ankyrin repeats have been suggested to function as a negative regulator of iPLA 2 sist of micelles that do not readily form after dissolution of purified LPC. Thus, the LPC in the supernatants might (Larsson et al., 1998), their complete removal might enhance the catalytic activity of iPLA 2 . Conversely, probe in a form that reveals a higher chemotactic activity than commercially purified LPC.
cessing at Asp 513 in close proximity to the catalytic center (GTST at Asp 513 would affect the iPLA 2 mediated release of As shown in Figure 7B , full-length and mutant iPLA 2 (aa 514-806) were expressed in MCF7 casp3 cells and further chemotactic activity, we overexpressed C-terminal Flag-tagged mutant (aa 514-806) or full-length N-terdegraded upon apoptosis induction by UV-irradiation. Interestingly, both overexpressed mutant forms of iPLA 2 minal Flag-tagged iPLA 2 in MCF7 casp3 cells (see Figure  7A) . Additionally, we overexpressed the C-terminal Flag-(aa 514-733 and 514-806) could no longer be detected after UV irradiation in the immunoblot using anti-Flag tagged mutant (aa 514-733) in order to investigate the effect of the fully caspase-truncated p26 form of iPLA 2 .
antibodies, thus confirming additional caspase-medi- LPC could induce migration on its own whereas PAF We also tested the ability of the apoptotic supernawas ineffective. Therefore, LPC that has been known tants to recruit macrophages in two in vivo model sysfor a long time as a chemoattractant for monocytes tems including a peritonitis and a subcutaneous infiltra- (Hoffman et al., 1982) seemed to be a crucial factor for tion model. To this end, supernatants of apoptotic and the attraction of monocytes to apoptotic cells. nonapoptotic cells were injected into the peritoneum or LPC is generated via PLA 2 -mediated processing of subcutaneously, and then histologically evaluated in a the membranous phosphatidylcholine into LPC and aratime course for their effect on macrophage infiltration. chidonic acid. Mammalian PLA 2 isoenzymes are subdiSupporting our previous results, in both models there vided into four major families, including cytosolic, calwas a considerably more pronounced (2-fold and higher) cium-dependent (cPLA 2 ), secretory (sPLA 2 ), cytosolic, recruitment of macrophages after injection of the supercalcium-independent PLA 2 (iPLA 2 ), and PAF acetyl hynatants from UV-treated MCF-7 casp3 cells compared to drolases (Murakami et al., 2000 
